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Temperature Dependence of Excited State Proton Transfer in Ice

Pavel Leiderman, Anna Uritski, and Dan Huppert*

Raymond and Berly Sackler Faculty of Exact Sciences, School of Chemistry, diel Yniversity,
Tel Aviv 69978, Israel

Receied: January 18, 2007; In Final Form: March 29, 2007

We have studied the excited-state proton-transfer rate of four photoacids in ice as a function of temperature.
For all four photoacids, we have found a non Arrhenius behavior of the proton-transfer rate cdgstant,

d(In ke7)/d(1/T) decreases as the temperature decreases. The average sloperpfdrsus 1T depends on

the photoacid strength ). The stronger the photoacid is, the smaller the slope. For the strongest photoacid
2-naphthol-6,8-disulfonate (2N68DS) the largest slope is 35 kJ/mol at about 270 K, and the smallest measured
slope is about 8 Kihol at about 215 K. We propose that the temperature dependerigg iof ice at the
temperature range 279 T > 200 K can be explained as arising from contributions of two proton-transfer
mechanisms over the barrier and tunneling under the barrier. At very low temperatar280 K, the slope

of In(kpt) versus 1T increases again. At about 170 K, the proton-transfer rate is much slower than the radiative
rate, and the deprotonated form of the photoacid cannot be detected in the steady-state emission spectrum. At
lower temperatures] < 200 K, the rate further decreases because of a limitation on the reaction caused by
the restrictions on the 40 hydrogen reorientations.

Introduction relaxation timerp and the longitudinal relaxation = (eg)/(es)7p.

The second coordinate is the actual proton translational motion
along the reaction path. The model restricts the proton-transfer
process to be stepwise. The proton moves to the adjacent
hydrogen bonded solvent molecule only when the solvent

configuration brings the system to the crossing point. Our simple

model is along the lines of theories of nonadiabatic proton

The physics of ick™* was studied extensively for many years.
Electrical conductivity measurements by Eigen and co-workers
in the 1960s gave a large mobility Q00 times larger than in
water for the proton in ice. Further measurements showed that
the proton low-frequency mobility in ice at about 263 K is about
a factor of 2 smaller than in supercooled wéafehat the same transfer25:26

temperature. Acigtbase reactions in liquid aqueous solution are . L. .
P d d In a previous work’ we extended the liquid-phase studies

common in chemical and biological proces%&st? The study he bh Vi le of 4 ph id to the i h |
of proton reaction in the solid phase, and particularly in ice is on the photoprotolytic cycle of a photoacid to the ice phase. In

rare and uncommoH:12 Intermolecular proton transfer in the €& IN the high-temperature range 240F < 270 K, we found
excited state (ESPT) has been studied extensively in the liquid©" the HPTS photoacid a nearly constant activation energy
phase®~23 In the past decade we extensively studied the within an average value of abofik ~ 30 kJ/moI.' )
reversible photoprotolytic cycle of a photoacid. We used a N @ more recent work, we extended the previous studies on
proton-transfer model that accounts for the reversibility and for Proton transfer in ice and measured the photoprotolytic cycle
the diffusion assisted geminate recombination of the transferred©f HPTS in water containing large concentrations of several
proton with the deprotonated form of the photoadigz23 electrolytes_ as well as in frozen Waf_fmethanol mixtures?
In the liquid phase of aqueous solution of several mild and The Arrhenius plot of Irker) versus 1T is nearly constant, and

strong photoacids, we found that the temperature dependencéhe activation energy of the proton transfer of an electrolyte

displayed as an Arrhenius plot of the proton-transfer rate Solutionis large, twice that in pure wates ~ 60 kJ/mol, while
constant exhibits a convex shager of a commonly used the activation energy of the proton-transfer rate in the solid phase

photoacid 8-hydroxy-1,3,6-trisulfonate (HPTS) at the high- of the water-methanol mixtures is somewhat lower than in pure

temperature rangé > 280 K gave activation enerdy, of less water, Ea ~ 28 kJ/mol.
than 5 kJ/mol. At lower temperatures including the supercooled  In a further study, we measured the photoprotolytic cycle of
region 260< T < 280 K, the activation energy is not constant two photoacids HPTS and 2-naphthol-6,8-disulfonate (2N68DS)
and increases as the temperature decreases. At about 260 kas a function of temperature in ice, in the presence of a small
the plot InKpy) versus 1T gives a slope of, ~ 20 kJ/mol. concentrationd < 30 mM) of an inert salt. The inert salt affects
In the past, we used a qualitative model for proton transfer the geminate recombination between the transferred proton with
that accounts for the unusual temperature dependence of ESPthe conjugate base of the photoacid. We used the Deldiiekel
process of photoacids in the liquid st&teThe proton-transfer ~ theory to express the screening of the Coulomb electrical
reaction depends on two coordinates; the first one depends orPotential by the inert salt. We found that, in ice, the effective

a generalized solvent configuration. The solvent coordinate Screening effect is rather large and the Deblgickel expres-
characteristic time is in the range between the dielectric Sion underestimates the measured effect. We explain the large

screening in ice by the tendency to concentrate the impurities
* Corresponding author. E-mail: huppert@tulip.tau.ac.il. Phone: 972- t0 confined volumes in order to minimize the ice crystal
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Recently we have studied the kinetics of the reaction of a  Steady-state fluorescence spectra were taken using a Fluo-
proton with a mild base in ic&. The proton was injected into  roMax (Jobin Yvon) spectrofluorimeter and a miniature CCD
the ice crystal by a proton-transfer reaction from an electroni- spectrograph CVI MS-240. The HPTS (of laser grade), 2-naph-
cally excited photoacid. In aqueous liquid solution, mild bases thol-6,8-disulfonate (2N68DS), and 2-naphthol-6-sulfonate were
react with the transferred proton with a large intrinsic rate purchased from Kodak, and 2-naphthol-8-sulfonate was pur-
constant. We used our diffusion assisted geminate recombinationchased from TCI (Japan). Perchloric acid, 70% reagent grade,
model based on the Deby&molochowski equation with an  was purchased from Aldrich. For steady-state fluorescence
additional term to account for the proton scavenging by the basemeasurements, we used photoacid solutions®fx 1075 M.
to fit the experimental data. In ice, the proton scavenging effect For transient measurements, the sample concentrations were
is rather large and the diffusion controlled reaction rate constantbetween 2x 107* and 2 x 107> M. Deionized water had
underestimates the measured proton scavenging effect in a wideesistance>10 MQ. Methanol of analytical grade was from
range of concentrations and temperature. Fluka. D,O 99% was purchased from BDH. All chemicals were

In this contribution, we extended the previous studies of the used without further purification. The solution pH was
temperature dependence of the proton-transfer rate #8223 about 6.

We carefully examined the proton-transfer rate constant at a The HPTS fluorescence spectrum at room temperature
much larger temperature range than previously reported: 270consists of two structureless broad banggd@ nm fwhm). At

> T > 240 K. In this study, we focused our attention, in some temperatures beloW < 150 K, the ROH emission band exhibits
of the cases, to much lower temperatures down to about 1953 distinctive vibration structure. The emission band maximum
K. We used four photoacids with differeniKpvalues at room- of the acidic form (ROH*) and the alkaline form (R®) in
temperature in water in the range G:pK* < 2. The photoacids  water are at 445 and 510 nm, respectively. At 435 nm, the
in increasing order of their photoacidity are 2-naphtol-6- overlap of the two luminescence bands is rather small. The
sulfonate (2N6S), 2-naphtol-8-sulfonate (2N8S), 8-hydroxy- contribution of the RO* band to the total intensity at 435 nm
pyrene-1,3,6-trisulfonate (HPTS or pyranine), and 2-naphtol- is |ess than 0.2%. To avoid overlap between contributions of
6,8-disulfonate (2N68DS). The main finding of this study is the two species, we mainly monitored the ROH* fluorescence
that the temperature dependence of proton-transfer rate constanit 435 nm.

ker, is not constant, but depends on the temperature. We found  The 2N68DS, 2N6S, and 2N8S fluorescence spectrum

for the four photoacids that the plot of ky) versus 1T in the consists of two structureless broad bangg@ nm fwhm). The
temperature range 210 T < 270 K is concave. At temperatures  emjssijon band maximum of the acidic form (ROH*) in water
below 230 K, the temperature dependenckeeis rather small is at about 370 nm, and that of the alkaline form (RPis at

compared to its temperature dependence at 270 K. Below 440 nm for 2N6S and 2N8S and 470 nm for 2N68DS. At 370
approximately 210 K, the temperature dependenceksaf — nm, the overlap of the two luminescence bands is rather small.
increases once again. At very low temperatlre; 170 K, we To avoid overlap between contributions of the two species, we
cannot observe the presence of the ‘R@he deprotonated)  mainly monitored the ROH* fluorescence at 375 nm.

emission band. As in the liquid case, we propose that the  hg temperature of the irradiated sample was controlled by

tem%grature dhepenldencelafr(ijr_] ice car:j bﬁ described byl WO hjacing the sample in a liquid Neryostat with a thermal stability
coordinates, the solvent coordinate and the proton translocationgt a2 nrovimatelyt-1.5 K.

coordinate. The major contribution to the generalized solvent In the solid phase, the photoacids tend to aggregate, and as

coordinate is the hydrogens' rotational motion creating D and a consequence, the luminescence intensity in frozen samples is
L defects? At the high-temperature regioh> 210 K, the rate- d ’ . Y| A P
D . strongly reduced. The net result is an unreliable time-resolved
limiting step is the actual proton transfer. At very low temper- 2 . . . .
" s . S emission measurement in the ice phase, of both the acid (ROH*)
atures, the rate-limiting step is the solid restrictions on th@ H .
- X and base (RO forms. The aggregation problem of the
hydrogen reorientations. o . .
photoacids in the ice phase was unnoticed when a small amount
Experimental Section of methanol,~1% mole fraction, was added to the solution.

Time-resolved fluorescence was acquired using the time- e samples were prepared by first placing the cryogenic
correlated single-photon counting (TCSPC) technique, the Sample cell, for about 20 min, at a temperature of about 273 K.
method of choice when sensitivity, a large dynamic range, and The second step involved a relatively rapid cooling (10 min) to
low-intensity illumination are important criteria in fluorescence @ low temperature. The sample subsequently freezes within 5
decay measurements. min. To ensure ice equilibration prior to the time-resolved

For excitation, we used a cavity dumped Ti:sapphire femto- Measurements, the sample temperature is kept constant for
second laser, Mira, Coherent, which provides short, 80 fs, pulsesanother 30 min.
of variable repetition rate, operating at the SHG and the THG  Reversible Diffusion-Influenced Two-Step Proton-Trans-
frequencies, over the spectral ranges 3800 and 256-290 fer Model. In this modeP®2223the photoprotolytic cycle can
nm with the relatively low repetition rate of 500 kHz. The be subdivided into the two consecutive steps of reaction and
TCSPC detection system is based on a Hamamatsu 3809U diffusion. In the reactive step, a rapid proton transfer creates a
photomultiplier, and Edinburgh Instruments TCC 900 computer Solvent-stabilized ion pair. This is followed by a diffusive stage,
module for TCSPC. The overall instrumental response was aboutwhen the proton and ROwithdraw from each other due to
35 ps (fwhm). Measurements were taken at 10 nm spectral their thermal random motion. The reverse process is a geminate
width. The observed transient fluorescence sigh), is a recombination of the proton with the RQo reform the excited
convolution of the instrument response function (IRE), with photoacid ROH*.
the theoretical decay function. The excitation pulse energy was Mathematically, one considers the probability dengty,
reduced by neutral density filters to about 10 pJ. We checkedt), for the RO™, H™ pair to separate to a distancéy timet
the sample’s absorption prior to and after time-resolved after excitation. The observed (normalized) signals from the
measurements. We could not find noticeable changes in theexcited acid ROH* and the ROanion correspond to the
absorption spectra due to sample irradiation. probability, to find the ROH* formP(t), and the survival



5000 J. Phys. Chem. A, Vol. 111, No. 23, 2007

14

0.14

Normalized flourescence

Leiderman et al.

0.14

Normalized flourescence

0.01 T T T T T T d

0 1 2 3 4 5 6 7

Time [ns]

o 1 2 3 4 5 6 7

Time [ns]

Figure 1. Time-resolved emission of 2N68S measured at 385 nm (ROH band) and 470 nnmbé&R@) in methanol-doped ice at 270, 260, 242,
227 K. Solid line is the calculated fit using the geminate recombination model.

probability of the separated pai(t), which is also the
probability to find the excited photoacid in its RGorm

St) =4 [ p(r, Oréar (1a)

PMt)=1-S1)

The separated pair at timg p(r,t) is assumed to obey a
spherically symmetric DebyeSmoluchowski equation (DSE)
in three dimensions, which is coupled to a kinetic equation for
P(t), which serves as the boundary condition for the differential
equatior?0:22.23

(1b)

Results

Figure 1 shows the time-resolved emission of both the
protonated ROH* and the deprotonated RGorms of the

constant in ice that also strongly depends on the temperature.
We estimate that for the stronger photoacids 2N68DS and HPTS
the proton-transfer rate constant is determined by the GR model
with an error of about 10% at the high-temperature redion

240 K. At lower temperatures, the error increases for two
reasons. The first reason is the limited time window of observing
a molecule in the excited state which is determined by the
excited-state lifetime of both ROH and ROAt about 240 K,

the rate constariter for HPTS is about that of the radiative
rate ko. While ko is almost insensitive to the temperatukery
strongly depends on it, and below 240 K the value&mfare
lower than the values d&§. The second reason for a larger error
of ket at low temperatures concerns the large decrease of the
ratio between the relative intensities of the fast component and
the long components of the ROH decay. At high temperature,
the fluorescence tail intensity is rather small compared to the
fast component from which we determiker. At low temper-

strong photoacid 2N68DS measured by time-correlated single a¢re, the relative tail intensity is large and increases as the
photon counting at several temperatures. The intensity of the (emperature decreases.

fluorescence decay is displayed on a semilog plot. In general,

At low enough temperature, the fluorescence tail coalesces

the ROH decay of a photoacid is composed of two components. ity the short time component as well as with the radiative
The short time component is fast and decays nearly exponen-ate At this limiting case, the fitting procedure provides an
tially. The fast component decay rate is mainly determined by gmpiguous set of the parametebgy, k, and D. At low

the proton-transfer rate constakgr. The longer time decay

temperature, we use the steady-state emission spectra of ROH

component is nonexponential, and it arises from the geminate ang RO to provide indirect information on the photoprotolytic
recombination of the transferred proton to the medium back process. We used the following relations of Weléo extract

with the excited RO. The asymptotic long-time of the ROH
fluorescence intensityROH multiplied by the exp(z;) (where

7¢ is the radiative lifetime) obeys a power lawtoP’2. We used
the reversible diffusion influenced proton-transfer méi&23

to fit the time-resolved emission curves of both ROH* and
RO™*. The calculated model fit is shown as a solid curve. As

seen in the figure, the fits are rather good. We used the same

parameters for the fit of the ROH and Rforms. From the

an additional estimate fd&(T).
The relative fluorescence of the ROH band is given ap-
proximately by

ko
ker(T) + ko

o) _
(I)O

)

best fit we extracted the parameters that control the dynamicswherekg is the radiative rate of ROH, anbly is the fluorescence
of the excited state. The parameters are the radiative rates ofquantum yield of ROH in the absence of proton transfer. At

ROH* and RO *, the proton-transfer rate constadd, and the
geminate recombination rate constkniAn important additional

room temperature, the proton-transfer rate constant of HPTS
is ket = 10 ns’l, while ko = 0.19 ns?! is temperature in-

~

parameter in the photoprotolytic process is the proton diffusion dependent. As the temperature decreageéd), increases. At
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Figure 2. Plot of In(ker) versus 1T: (A) HPTS in HO and BO, (B) 2N68DS in HO and RO, (C) 2N6S in pure water, (D) 2N8S in pure water
H,0.

about 230 K ket ~ ko, and the fluorescence intensity of ROH 270 260 20 240 20
is about 0.5 times that at very low temperatuiless 100 K T 751
wherekpr < ko. The relative fluorescence of the ROwhen § 60 R A HPTS
the ground state of ROH is excited is given by =7 a v 2N68DS
B, s
o 454 A
@’ £ a
q)(p: ker (T) - IR ‘o
b kM tko £

g 154 vy A
@' is the fluorescence quantum yield of the R@rm when < ML
the ROH form is excited, an@j is the quantum yield when o
the RO form is excited. The fluorescence intensity ratio s T T
between the ROH and RChands®'/® is given by 5

§ 07 . = 2N6S

L]
(0} ket (T) = 751 . ® 2NS8S
§ 4s] "
= ) n .
Figure 2 shows an Arrhenius plot of k) versus 1T for § 30 "a L e .

the four photoacids. All four plots show a similar concave shape § 15 ag e
of the Arrhenius plot of Irkp7) in ice. The proton-transfer rate < 0]

constant of four photoacids in ice at a temperature close to the 36 37 38 39 40 41 42 43 44
melting point are about a factor of 15 0.2 smaller than the
rate constant in supercooled liquid at the same temperature.
Thus, solid ice is a good media for the ESPT process, almost
as good as the liquid state. In comparison, the ground state
proton-transfer rate constant in methanol as a solvent of-acid
base reaction is lower by about 4 orders of magnitude than in
water® Since the excited-state lifetime of the ROH form is a

few nanoseconds, and in water the proton-transfer rates of thes U .
P pK* ~ 0.7) which is also the strongest of the four photoacids

photoacids are betweenx 1(° and 2x 10'°s71, the excited- o Se ) .
state proton transfer in methanol cannot be observed excluding!Sed in this study. The "activation” energy at the freezing point

the strongest photoacid used in this study, 2N68DS. is about 37 kJ/mol, and it decreases steadily to about 8 kJ/mol
As seen in Figure 2, the temperature dependence kisn(  at about 230 K. The activation energies of HPT& (p~ 1.3),

is not constant as expected only from a usual activated process2N8S (K* ~ 1.6), and 2N6S (¥* ~ 2) at the freezing point

The lower the temperature, the smaller dinj]/d(1/T). We are larger by about a factor of 2 than that of 2N68DS. The rate

used a differentiation procedure given in a previous paper of change in the activation energy of the two weaker photoacids

provide the rate of change of k) with respect to I in units 2N6S and 2N8S (the second derivative) is slightly larger than

of kJ/mol. Figure 3 shows the change in the “activation” energies for HPTS.

1000/T [K']

Figure 3. Activation energies of the HPTS, 2N68DS (upper figure)
and 2N6S, 2N8S (lower figure) with temperature.

of the four photoacids with temperature. The photoacids with
%he smallest temperature dependence dil(is the 2N68DS
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Discussion influence of an external field. lon defects are produced when a
In a previous papéer,we focused our attention on the excited- proton moves from one end of the oxygesxygen bond to
state proton transfer in ice of only one photoacid, the well- the other, thus creating az8%, OH™ ion pair. Conduction is
known HPTS (jK* = 1.35). Later on, in our recent pap&Ps? then possible by means of successive proton jumps. Bjerrum
we also added some information ks of a stronger photoacid  defects are orientational defects caused by the rotation of a water
2N68DS (K* = 0.7). We found in a limited range of molecule to produce either an oxygeoxygen bond occupied
temperatures, 268240 K, that the proton-transfer rate constant, with two hydrogens (D-defect) or a bond with no hydrogens
ker, of both photoacids decreases as a function df dp- (L-defect). A series of successive rotations will produce
proximately as an activated process obeying an Arrhenius law conduction. Neither process alone can explain the dc conduction.
(constant slope) with activation energies around 30 kJ/mol. In For example, the movement of g®I" ion sets the protons in
our current study, we extended our previous studies in two such a position that no more@* ions may subsequently follow
directions. The first one was toward increasing the ice temper- the same path. A similar effect occurs with Bjerrum defects.
ature range; i.e., we lower the temperature as much as possibleHowever, if an ion defect is followed by a Bjerrum defect then
The second direction was to look for more photoacid molecules the protons will be reset into their original positions and the
and by this to say something more general on the temperatureconduction pathway unblocked. In ice, the analogue to the liquid

dependence of photoacids in ice. solvent reorganization motion accompanied with proton-transfer
The main finding of this study is that the plot of kaf) as a process is a restricted rotation of 226f the hydrogens while
function of 1T on a large temperature range of abadt= 70 the oxygen positions are fixed in a hexagonal structure and thus

K clearly shows that the slope of such a plot is not constant serve as a pivot to the hydrogen orientation motion. The
and tends to decrease at low temperatures. The concave shapmechanism of excess proton transfer in ice was investigated by
of In(ker) versus 1T in ice samples is found for all four =~ Ohmine and co-worket$ using the QM/MM method. By
photoacid. Unlike in ice, in the liquid state, the plot ofKgy) analyzing the potential surface, the normal modes, and the in-
versus 1T of a large number of photoacids is convex. At high- teraction between the excess proton and the defects, they propose
temperatureT > 280 K, the slope is small. For strong that the ejected proton is localized in an L-defect in ice.

photoacids, it is about 5 kJ/mol, while for 2-naphthok{p= It is plausible that hydrogen rotation is a prerequisite step
2.7) the weakest photoacid the slope was about 12 kJ/mol atprior to the proton translocation from the protonated excited
room temperaturé: At lower temperaturesT < 280 K, the photoacid ROH* to a nearby water molecule. In a preliminary

slope of Inker) as a function of I increases as the temperature  stydy, we observed the excited-state solvation dynamics of
decreases. In the case of HPTS in cold water 273 K'and  coumarin 343 (C343) in ice. In ice at 247 K using time-resolved
supercooled watef ~ 268 K, the activation energy is much  emijssjon technique with a time resolution of about 20 ps, we
larger than at the high-temperature regime, and at 268 K it i found a red shift of the emission band by about 600 tthat
about 20 kJ/mol. In ice samples at about 270 K th_e value of geeurs at an average solvation tifigof about 60 ps. At about
the proton-transfer rate constargr, of all four acids we 190 K the average solvation tini[increased by about a factor
measured in the current study, 2N68DX{p~ 0.7), HPTS ¢ 30 to about 2 ns. At about 170 K the dynamic red band shift
(PK* ~1.3), 2N8S (|K* ~ 1.6), 2N6S (K* ~ 2.0), is by about js not observed within the time window limited by the 4 ns
a factor of 1.5 smaller than in supercooled liquid at the same |itetime of C343. The steady-state emission spectrum of C343
temperature. In HPTS the value of the rate conskantn the in ice as a function of temperature shows a distinct blue shift

liquid state drops from about 10 Tsat 295 K to about 6.7 non temperature decrease. Below 170 K the band position is
nst at about 270 K while the value dr in ice at 270 K is fixed.

about 4.5 ns’, The coumarin 343 solvation dynamics and the temperature
There are several plausible mechanisms that contribute to theOle endence of the stead -stateys ectrum can be uglitativel
proton-transfer rate in ice. In liquid solutidh32the temperature p Y P d y

. related to the proton transfer of photoacids in ice and its
dependence of the proton-transfer constant was explained as . .
S . emperature dependence. In the excited state, the solvation
combination of two dynamic processes that occur at two

orthogonal coordinates, the solvent and the proton. The first energy in ice is gained when the hydrogen at(.)ms of near by
water molecules rotate to accommodate the excited-state charge

process is a motion along a generalized solvent reorganizationdistribution Proton transfer from the excited state will occur
coordinate toward the solvent activated configuration. At the : . )
only after hydrogen atom rotation to bring the system along

solvent activation configuration, the proton moves along the the generalized solvent coordinate to the activated region
proton coordinate to form the product RO+ (H30™)(H20), 9 gron.

wheren is the number of water molecules in the solvation shell = Below 195K, the proton-transfer rate constant from 2N68DS
of the hydronium ion HO*. For strong photoacids in the liquid 1S sSmaller than the excited-state radiative decay rate 0.11 ns
state in the low-temperature regime, the rate-limiting step is AS mentioned above, it is quiet difficult to measure accurately
the solvent motion while at the high-temperature regime the the proton-transfer rate from time-resolved emission measure-
proton motion to form the product is the rate-limiting step. The MenNts wherker < ko, (Whereko is the radiative rate). The main
reaction takes place only when the solvent reaches the config-"éason is that the radiative rate limits the time window of the
uration of the activated region. measurements of small valueskgt. The second difficulty arises

Ice | is considered as an ordered hexagonal crystal structureffom the large effective proton geminate recombination rate at
with respect to the oxygen atom positions. The hydrogen oW temperature. It increases the amplitude of the time-resolved
position tends to be between two oxygens along the line emission longtime tail and thus interferes at slow proton-transfer
connecting two oxyger®? In contrast to the order in the rate with the initial fluorescence decay that basically enables
oxygens' position in pure ice at high temperature, a fraction of US to separate the two processes and hence determine the proton-
about 107 of the hydrogens are incorrectly ordered. According transfer rate.
to Jaccard theor§? the electrical properties of ice are largely Steady-state emission spectra of a photoacid excited at the
due to two types of defect within the crystal structure which ROH band can provide additional indirect information on the
allow protons to move along the hydrogen bonds under the rate of the proton-transfer process and on setstdvent
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Figure 4. Steady-state emission spectrum of HPTS in pure water at
various temperatures.
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interaction. Figure 4 shows the emission spectra of HPTS in
H.O at various temperatures. We split the figure to three regions.
Figure 4a shows the high-temperature region where the lowest
temperature is at 247 K. For HPTS in® at about 240 K, the
value of the proton-transfer rate constant is about that of the
radiative rate constant. As seen in the figure, the ROH band
intensity in HO increases from about 3% with respect to the
RO~ band intensity in the liquid state at a temperature of 293
K to be larger than the ROat 247 K.
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Figure 4b shows the spectra at the intermediate temperature

range. In this range, the radiative régas larger than the proton-
transfer rate constarkr. At the lowest temperature, 185 K,

the RO band is still seen as a very small increase of the
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Figure 6. @'/® of HPTS in HO and QO at various temperatures.

emission intensity at around 500 nm. In the third temperature increase. At about 180 K, the bandwidth and the peak position
range,T < 179 K, the only emission band seen in this figure is of ROH spectrum of HPTS exhibit a large change. The change

that of the ROH band. The proton-transfer rate condtant

in the ROH spectrum is accompanied by the appearance of the

ko, and only the fluorescence tail of the ROH band is seen at RO~ band. We interpret the large changes in the HPTS spectra
about 508-510 nm. The ROH emission spectrum at temperature at about 180 K as the ability of the,B hydrogens to rotate by
below 180 K shows a distinctive vibration progression. We 120 next to the HPTS molecule. Once the rotation timgis
found similar results for a deutarated sample. The only differ- shorter thanr,{*°" the excited-state proton-transfer process

ences are the relative intensities of the two bahds/lro ,
because of a slower deuteron transfer rate.

We fitted the ROH emission band of HPTS with four vibronic
bands where the-80 band is positioned at 234007 & 80 K)
and the vibronic spacing is about 1200 diiThe intensity ratio

starts to be effective and the R®and appears in the steady-
state spectra.

From the steady-state emission spectra, we estimate the
proton-transfer rate constant at various temperature using
Weller’s equation®¥ (see eq 4). Figure 6 shows a semilog plot

of the vibronic peaks is 1, 1, 0.37, and 0.075, respectively. All of (ket) of HPTS in HO and DO versus I deduced from the
four vibronic bands have about the same width and asymmetry. steady-state emission spectrum. In the high-temperature region,

We used the log-normal functiétto fit each individual vibronic

the values okpt deduced from the time-resolved emission and

band. At the lowest temperature range, the bandwidth is 1150the steady-state spectra are quite similar. At the intermediate
cm™1, and each band is well separated from its neighbor. The temperature range 248 T > 210 K, the values okt from
bandwidth and position start to change only above 125 K. Figure steady-state emission are smaller than the values obtained from
5 shows the red shift of the peak position of the ROH second the time-resolved emission. As mentioned above, whgn=
vibronic band and the increase in its bandwidth as a function kg it is quite difficult to deduceket from the time-resolved

of temperature. As seen in the figure, the band shifts to the red, emission fitting by the GR model, since the contribution of the
and the bandwidth increases monotonically with temperature long time tail overlaps with the initial fast decay. On the other
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Figure 7. Computer fit of Inkpr) as a function of IV using a model combining activated and tunneling proton-transfer process.

hand, the Weller expression for thker given in eq 4 does not  wherev is the frequency prefactor (of the order of magnitude
include the GR contribution to the steady-state ROH and the 1013 s71), Qq is the effective intermolecular frequenaeyy—o is
RO~ fluorescence band intensity. It increases the ROH emissionthe total amplitude of the zero level oscillatiorlg, is the
band intensity and decreases the RilDorescence. The neglec-  Boltzman constant, anflis the temperature(R), the tunneling
tion of the GR term causes the large decrease df'lid§) versus integral, determines the transparency of the potential barrier of
1/T seen in Figure 6 at intermediate and low temperatlires tunneling: it equals twice the classical acti&R) for the
230 K. The change in the ratid'/® from the high temperature  hydrogen atom in the underbarrier interval between the turning
300 K, to the low temperature-180 K, is by 4 orders of points.Ex(R) andU(x, R) are the total and potential energy of
magnitude. The slope of the plot is not constant. In the the tunneling atom, respectively, depending on the dist&ce
intermediate temperature range 22015 K, the slope is smaller ~ between reactants (O---OR is the equilibrium distance.
than at either higher or lower temperatures. For ice at the high- In using eq 5 to fit the experimental data, there are several
temperature range 279 T > 220 K, we found from the time-  parameters which need to be determined either by the best fit
resolved emission that the proton-transfer rate does not follow to the experimental data or by acceptable literature values. The
only an activated process. The slope of the plot dédf)(versus pre-exponential facton;, has accepted values in the rangé310
1/T decreases as the temperature decreases. We explain thisc v <10 s 1. Theg(dJ/0Ry—0)4 do-0?] term can be evaluated
behavior as arising from two mechanisms of the proton transfer; by the following procedure: the temperature-dependent part of
over the barrier dominates in the high-temperature range 270eq 5 is given by the second term of the exponent. Using some
> T > 245 K, and proton tunneling prevails at< 230 K. At manipulation, we get eq 7, which contains only the temperature
temperatures below 220 K, the slope of the plot of Figure 6 dependence part of eq 5
increases. In this range, the proton-transfer process is controlled
by the polarization dynamics of the ice medium. Probably the _1 2 2
main contribution is that of the hydrogen atom rotation. In(k(t)/k(0)) = é(a‘]/aRO‘o) [00-o'J{ cothi€2/dkgT) — 1}
In the past, we used a vibrational assisted proton tunneling ()
theory to explain and calculate the temperature dependence of . .
proton transfer of several systems. Trakhtenberg and co-workers Equation 7 can be used to get l:z)oth the |nt.er'molgcular
developed a simple expression for the temperature dependencgequency'g' and the ternt/g(3J/oRo-0)4[00-07], by fitting it

of the proton-transfer rate assisted by an intermolecular vibra- to_}_hekixpegmental gat% iled th ical vsi fit both
tion.26 For a one-dimensional potential surface with a single rakhtenberg used a detailed theoretical analysis to fit bot

intermolecular vibration, Trakhtenberg and co-workers derived the pressure and temperature dependence of proton transfer in

a simple formula for the proton-transfer rate constant rourgne—acndme crzystal. They estimated the square of the
amplitude to be)c-n? = 0.005.

k(T) = Figure 7 shows the Arrhenius plot of the experimental values
1 of In(ke7) as a function of 1/T and the best calculated fit to the

v eXL(—J(RO) + 3 (33/9Ry_o)?[0y_o lcoth(iQy/4ksT)| (5) experimental data using two contributions to the proton-transfer

rate, the tunneling process (eq 5) and a contribution of an

activated process. We get a good fit only when we combine

— — 1/2
J(R) = 28R)/h = 2/ f 2my[U(x, R) — B, (R dx (6) the two contributions to the proton transfer. At high temperature,
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TABLE 1: Fitting Parameters of the Proton-Transfer TABLE 3: Fitting Parameters of the Proton-Transfer
Geminate Recombination Model for HPTS in Water Geminate Recombination Model for 2N6S in Water Solution
Solution T(K) krPr(1s?) k(1PAsY Decmts?) Re(A)
T(K) keP(1Ps?) Kk (1PAsD DeenPs ) Ry(A) 312 1.25 7.0 1Xx10% 146
296 8.8 5.0 1.0« 10 28.0 306 1.20 7.0 1.% 10 14.6
288 7.9 3.3 6.5¢ 10°° 27.5 301 1.16 6.5 1. 10* 14.3
277 54 2.8 5.5¢< 10°° 27.0 296 1.02 6.5 1.6¢ 1074 14.2
270 35 2.3 4.4¢ 10°° 26.5 291 1.00 6.0 1.6« 10 14.1
268 2.4 1.5 2.3 1075¢ 26.2 287 0.95 5.6 9.5¢ 107 14.1
263 1.7 1.2 1.8« 10°5¢ 26.0 279 0.90 55 8.5¢ 1075 13.9
260 1.2 0.92 1.5¢ 10°5¢ 26.0 276 0.85 55 8.5 10°° 13.8
255 0.82 0.90 1.x 10°5¢ 26.0 271 0.70 55 7.5 10° 13.5
253 0.73 0.90 1.% 10°5¢ 26.0 270 0.55 55 6.5 10°5¢ 13.2
250 0.55 0.85 1. 10°5¢ 26.0 268 0.40 4.2 4.5 10°5¢ 13.0
248 0.48 0.85 1.% 10°5¢ 26.0 265 0.30 3.8 3.5 10°5¢ 13.0
245 0.42 0.85 1. 10°5¢ 26.0 263 0.25 35 2.9 10°5¢ 13.0
242 0.38 0.85 1.% 10°5¢ 26.0 260 0.22 3.1 2.5¢10°5¢ 13.0
240 0.32 0.85 1. 10°5¢ 26.0 258 0.19 29 1.6< 10°5¢ 13.0
237 0.29 0.85 1.% 10°5¢ 26.0 255 0.17 2.2 1.5 10°6¢ 13.0
235 0.24 0.85 1.% 10°5¢ 26.0 250 0.14 2.0 1.3 10°%¢ 13.0
232 0.23 0.85 1.% 10°5¢ 26.0 248 0.12 1.2 1.0« 10°6¢ 13.0
230 0.20 0.85 1.% 10°5¢ 26.0 245 0.11 1.0 1.0< 10°%¢ 13.0
227 0.18 0.85 1.x 10°5¢ 26.0 242 0.10 1.0 1.0 10°6¢ 13.0
225 0.17 0.85 1.% 10°5¢ 26.0 240 0.095 0.95 1.& 10°6¢ 13.0
akpr andk are obtained from the fit of the experimental data by the 2 kpr andk; are obtained from the fit of the experimental data by the
GR model (see text)r lron = 0.18 nst, 7o = 0.185 ns?, P The GR model (see text)r 'ron = 0.10 ns?, 7-ro = 0.088 nst. » The
error in the determination ok is 50%, see text Free adjustable error in the determination ok is 50%, see text Free adjustable
parameterd Debye radiuRp = (Z1Z:€9)/(ekeT). parameter? Debye radiusRp = (Z1Z:€?)/(eksT).
TABLE 2: Fitting Parameters of the Proton-Transfer TABLE 4: Fitting Parameters of the Proton-Transfer
Geminate Recombination Model for 2N68DS in Water Geminate Recombination Model for 2N68DS in RO
Solution Solution
T(K)  keP(10sY) k2 (ACPAsT) De(cnmPs)  Ro(A) T(K) ker(10Ps)  keP(ACPAs?Y De(cm?s?d RyU(A)
296 17.0 17 1.0< 104 21.0 301 5.3 6.5 5< 1075 21.0
290 15.0 16 9.% 107° 20.5 293 5.2 6.5 3.8 10°° 21.0
285 135 15 9.5¢ 10°° 20.0 288 4.5 5 3x 10°° 21.0
278 10.5 14.1 8.%x 10°° 19.5 282 4 4 2.6x 1075 21.0
273 9.8 12.5 8.0x 10°5¢ 18.5 278 3.2 3.3 2.5¢10°° 21.0
270 7.5 12 7.5¢10°°5¢ 18.0 273 1.95 2.9 2.% 10° 20.0
268 4.9 9.5 4.5¢10°°¢ 17.5 270 1.6 2.9 2< 10°° 20.0
265 3.8 8.3 3.5¢10°5¢ 17.5 268 1.25 2.7 5 10°° 20.0
263 34 7.7 2.9 10°5¢ 17.5 265 0.95 2.65 1.9% 107 20.0
260 2.9 7.2 2.5¢10°5¢ 17.5 263 0.8 2.55 1.8% 10° 20.0
258 2.2 51 1.6< 10°5¢ 17.5 260 0.65 2.6 1.7% 10°° 20.0
255 1.8 4.3 1.5 10°5¢ 17.5 258 0.55 2.55 1.6& 10°° 20.0
253 1.5 4.0 1.3« 10°5¢ 17.5 255 0.45 2.55 1.5 10°° 20.0
250 1.3 3.2 1.0< 10°5¢ 17.5 253 0.38 2.55 1.4 510° 20.0
248 1.2 29 1.0« 10°5¢ 17.5 250 0.325 2.55 1.4 1075ce 20.0
245 1.03 2.3 9.% 10°6¢ 19.5 248 0.27 2.55 1.3 105 20.0
242 0.95 2.3 9.3% 10°6¢ 19.5 245 0.245 2.55 1.% 1075 20.0
240 0.80 2.3 8.% 10°¢¢ 19.5 240 0.22 2.55 1.% 107%f 20.0
237 0.68 2.4 8.0« 10°6¢ 19.5 232 0.16 2.55 9.5 10759 20.0
232 0.50 2.4 7.0< 10°6¢ 19.5 210 0.08 2.55 5¢ 10769 20.0
6¢C
ggg 83? gé gg ige c 182 aker andk; are obtained from the fit of the experimental data by the
225 0.38 27 6.% 10°6¢ 19.5 GR model (see text)r’lROH =0.10 nSl, ‘L’flRo' =0.075ns. PThe
222 0.35 2.8 6.0¢ 10°6¢ 195 error in the determination ok is 50%, see text:Free adjustable
220 0.32 3.0 5.8 10°6¢ 19.5 parameter? Debye radiufRp = (Z1Z:6)/(ekeT). ¢ 77 ron = 0.11 ns?,
212 0.27 3.7 5.0« 10°6¢ 19.5 TflRo' =0.073 ns. f771|Q(3|-| =0.105 nsl, TflRo’ =0.073nsk ¢ TflROH
207 0.22 4.2 4810°%c 195 = 0.095 ns*, 77'ro = 0.073 ns™.
202 0.22 5.0 4.8 10°6¢ 19.5
akerandk; are obtained from the fit of the experimental data by the behavior. We tried to fit the experimental data only with the
GR model (see text)r roy = 0.115 ns%, 7 “lrg = 0.08 ns?,  The vibration-assisted tunneling model (eq 5). We found that the
error in the determination ok; is 50%, see text: Free adjustable fit is only good at temperatures in the intermediate range 255
parameter! Debye radiuRo = (Z1Z:¢)/(ckeT). > T = 220 K. The plot clearly shows that at low temperatures

the rate constant exhibits a smaller temperature dependence.
the main process is the activated process. At low temperature, The fitting parameters for the combined contributions of the
the tunneling process prevails. Tables4lprovide the fitting tunneling model and activated process for HPTS i®Hrew
parameters of the GR model for the various photoacids. =220 cnt?, J(Ry) = 12.2, and¥(R) = 18,v = 108 s L. The
In ice at the high-temperature limit (273 K), the slope is large activated process parameters &= 40kJ/mol and the pre-
and is temperature dependent, indicating that the proton-transferexponential factor 16 s™1. As seen in Figure 7, the fit using
process does not only follow the usual constant-slope Arrheniustwo contributions of over and under the barrier proton-transfer
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mechanism is good within a large temperature range while it actual proton transfer. This is the case at high and intermediate
fails to fit the very high temperatures close to the melting point temperatures. Thus, the temperature dependenkgraf ice
(273 K). Using the same value of the intermolecular vibration in the high and intermediate temperature range can be explained
amplitude forde—¢?, for all four photoacids we get the same as arising from contributions of two proton-transfer mechanisms
valueJ =18 A~L. The activated process parameters depend on over the barrier and under the barrier. We got a good fit to the
the photoacid strength. The stronger the photoacid is, the lowertemperature dependence lgfr versus 1T in this temperature
the activation energy. range. At lower temperature, the rate further decreases because
As the temperature decreases, the proton transfer by tunnelingof a limitation on the reaction caused by the solid-state
is more pronounced. The proton tunneling is probably assistedrestrictions on the kD hydrogen reorientations.
by an intermolecular vibration that modulates the oxygen
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peak at 229 cm! is measured in the IR spectrum of && A and discussions. This work was supported by grants from the
concave shape of Ik§r) versus 1T in the proton-transfer Binational U.S—Israel Science Foundation and the James
reaction that includes both over the barrier and under the barrierFranck Germattisrael Program in Laser-Matter Interaction.
mechanisms was predicted befSre.
The temperature dependence in the very low-temperatureReferences and Notes
reglme'l_' = 200 K'is m.)t pr.edICtPTd by both p.rOt.o_n_tranSfer (1) Fletcher N.H. InThe Chemical Physics of Ic€ambridge University
mechanisms. Probably in this region the rate-limiting step for press: cambridge, U.K., 1970.
a proton-transfer mechanism is the slow solvation dynamics of ~ (2) Hobbs. P. V. Iice PhysicsClarendon Press: Oxford, U.K., 1974.
the hydrogen rotation taking place prior the actual proton- (3) Petrenko, V. F.; Whitworth, R., WPhysics of Ice Oxford
transfer process. This type of a solvent control regime was University: Oxford, U.K., 1999.

: PR y (4) Von Hippel, A.; Runck, A. H.; Westphal, W. B. IRhysics and
squeSted by us for ESPT in the |IqUId Stéié? Chemistry of IceWalley, E., Jones, S. J., Gold, L. W., Eds.; Royal Society

of Canada: Ottawa, 1973; p 236.
Summary (5) (a) Eigen, M.AAngew. ChemInt. Ed. Engl 1964 3, 1. (b) Eigen,
. o ) M.; Kruse, W.; Maass, G.; De Maeyer, Prog. React. Kinet1964 2,
In this contribution, we studied the temperature dependence 285.
of the excited-state proton transfer in ice. Time-resolved (6) Kelly, 1. J.; Salomon, R. RJ. Chem. Phys1969 50, 75.
emission was employed to measure the photoprotolytic cycle ~ (7) Knust, M.; Warman, J. MJ. Phys Chem 1983 87, 4093.

of excited photoacid as a function of temperature, in liquid water Loné%)n B;:g,?gz. P.The Proton in Chemistr2nd ed.; Chapman and Hall:

and in ice. . ) o ) (9) Proton Transfer ReactigrCaldin, E.F., Gold, V., Eds.; Chapman
As was found previously in the liquid phase, the proton is and Hall: London, 1975.

first transferred from the photoacid to a nearby water molecule.  (10) (a) Weller, AProg. React. Kinet1961, 1, 189. (b)Z. Phys. Chem.

Subsequently, it diffuses in the ice under the influence of the (Frankfurtam Main)1958 17, 224.

Coulomb potential betweenHand RO that enhances the 10&1)04%?3'”@”1'2‘ N.; Joyce, C.; Deviin, J. .Phys. Chem. 2001,

geminate recombination. We used four photoacids, HPTS and  (12) pevlin, J. P.; Gulluru, D.B.; Buch, \d. Phys. Chem. B005 109,
2-naphtol-6,8-disulfonate (2N68DS), 2N6S and 2N8S. 2N68DS 3392.

(pK* ~ 0.7) is a stronger photoacid than HPTX{p~1.35) 83 '(fe)laGnd, J. E-:MWYSH, :f A;‘-\glg Pf;]ys- Oég- Chhemlla\9729;é égi
i i a) Gutman, M.; Nachliel, EBBiochem. Biophys. Act.

?‘nd traniferﬁ 6,: pro_tgn tONIIgUId V(\j/ither at atbou: 40 pfS, V.Vhlll.e 2.'(\;68 1015. (b) Pines, E.; Huppert, D. Phys. Chem1983 87, 4471.

is a weak photoacid ) an € proton transter in iqu (15) Kosower, E. M.; Huppert, DAnnu. Re. Phys. Chem1986 37,

water is slowr ~ 900 ps. In general, all four photoacid results 127,
provide similar information on the temperature dependence of (16) Tolbert, L. M.; Solntsev, K. MAcc. Chem. Re002 35, 1.

ket in ice. (17) (a) Rini, M.; Magnes, B. Z.; Pines, E.; Nibbering, E. TSgience
. _ s 2003 301, 349. (b) Mohammed, O. F.; Pines, D.; Dreyer, J.; Pines, E.;
We find that the proton-transfer rate const&at in ice Nibbering, E. T. JScience2005 310, 5745.

strongly depends on the temperature. We observed three (1g) prayer, C.; Gustavsson, T.; Tarn-Thi, T. H.Rast Elementary

characteristic temperature regions k. In the high-temper- Processes in Chemical and Biological SystgBdth International Meeting

ature region, 273> T > 240 K, the proton-transfer process of Physical Chemistry; American Institute of Physics: New York, 1996; p

strongly depends on temperature. I_n the intermediate temperatur (19) Tran-Thi, T. H.: Gustavsson, T.: Prayer, C.: Pommeret, S.: Hynes,

range 240> T> 21Q K, the Arrhenius plot of the rate constant, ;. T Chem. Phys. Let200q 329, 421.

ket, exhibits a relatively small temperature dependence. In the  (20) Agmon, N.J. Phys. Chem. 2005 109, 13.

low-temperature region 218 T < 180 K, the proton-transfer (21) Spry, D. B.; Goun, A.; Fayer, M. D. Phys. Chem. 8007, 111,

rate depends strongly on the temperature. Below 180 K, we 230 ,

cannot observe the ROband in the steady-state emission 56%2) 22) Pines, E., Huppert, D., Agmon, N. Chem. Phys198 88,

spectrum of HPTS. _ (23) Agmon, N.; Pines, E.; Huppert, Dl Chem. Phys1988 88,
We propose a qualitative model that explains the complex 5631.

temperature dependence of the proton-transfer rate constant. As (24) Cohen, B.; Huppert, DI. Phys. Chem. 2001, 105 2980-2988.

in the liguid state4 w me that the r tion ini n (25) German, E. D.; Kuznetsov, A. M.; Dogonadze, RIRChemSoc,

d e.bqg (I:j) Sta &} we Sssut e tha el eatC 0 di Cte ca dki[f] Faraday Trans2 198Q 76, 1128. Ulstrup, JCharge-Transfer Processes
escribed by WO_ coor 'na_ es. e so Ve_n coar _'na_e an €in Condensed MedjeSpringer: Berlin, 1979.

proton translocation coordinate. The major contribution to the  (26) Borgis, D.; Hynes, J. TJ. Phys. Chem1996 100, 1118.

generalized solvent coordinate in ice is the hydrogen rotational  (27) Poles, E.; Cohen, B.; Huppert, Br. J. Chem.1999 39, 347—

motion creating D and L defects. The proton moves to the 360.

i (28) Leiderman, P.; Gepshtein, R.; Uritski, A.; Genosar, L.; Huppert,
adjacent hydrogen bonded solvent molecule only when the D. J. Phys. Chem. /2006 110 9039,

solvent configuration brings the system to the crossing point. (29) Uritski, A.; Leiderman, P.: Huppert, 0. Phys. Chem. &2006
When the solvation dynamics is faster than the proton transfer 11q 13686, T '

along the proton coordinate, then the rate-limiting step is the  (30) Uritski, A.; Leiderman, P.; Huppert O. Phys. Chem. An press.



Excited State Proton Transfer in Ice J. Phys. Chem. A, Vol. 111, No. 23, 2006007

(31) Cohen, B.; Leiderman, P.; Huppert, D. Phys. Chem. 2002 (35) Fraser, R. D. B., Suzuki, E. Bpectral AnalysisBlackburn, J. A.,
106, 11115. Ed.; Marcel Dekker: New York, 1970; p 171.

(32) Cohen, B.; Leiderman, P.; Huppert, D.Lumin.2003 102 676. (36) Trakhtenberg, L. I.; Klochikhin, V. LChem Phys 1998 232

(33) Jaccard, CAnn. N.Y. Acad. Scil965 125 390-400. 175.

(34) Kobayashi, C.; Saito, S.; Ohmine,J. Chem Phys, 2001, 115 (37) Bertie, J. E.; Labbe, H. J.; Whalley, E.Chem Phys 1969 50,

4742. 4504.



